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摘 要 
 模拟移动床（Simulated Moving Bed，简称 SMB）技术作为一种新兴的制备
色谱分离技术，经过数十年的发展，已经广泛应用于石油化工、生物医药和食品
工业。近几年来，其理论研究主要集中在模型求解、操作方式改进以及操作参数
优化设计等方面。本文针对三区带异步切换模拟移动床技术分离邻香兰素与香兰
素进行了以下研究工作。 
首先，应用一类四阶的紧致差分算法求解 SMB 模型方程，通过计算实例验
证了该算法在空间方向的四阶精度。另外，考察了模型参数对色谱流出曲线的影
响。最后，应用该数值方法求解分离葡萄糖和果糖的 SMB过程，能够得到准确
的模拟结果和快速的计算效率。 
 其次，应用线性递减惯性因子粒子群算法（Linear Decreasing Inertial Weight 
Particle Swarm Optimization，LDIWPSO）优化设计 SMB和 Varicol 过程。研究
发现，相比于标准粒子群算法（Standard Particle Swarm Optimization，StaPSO）
和遗传算法（Genetic Algorithm，GA），LDIWPSO 算法能够得到更好的优化结
果；过多的将柱子分配在分离区，不利于提高 SMB系统的分离性能，对于不同
的区带分配方式，其分离性能差异也很明显；随着分离负荷的增加，洗脱液消耗
不断增大，分离区所需柱子数目也不断增加。 
 最后，应用三区带模拟移动床技术分离邻香兰素和香兰素。首先，通过总孔
堵塞法测定了制备色谱柱的床层空隙率；通过前沿分析色谱法测定各组分的吸附
数据，拟合得到吸附等温线方程；通过经验公式计算得到轴向扩散系数和表观传
质系数。根据测得的模型参数，分别构建了同步和异步切换的三区带模拟移动床
分离邻香兰素和香兰素过程的数学模型。第二，应用三角形理论得到了五个位于
完全分离区域内的操作参数。模拟和实验的结果都表明，在传质阻力和扩散效应
比较明显的情况下，基于三角形理论的设计并不可靠，不能实现高纯度的分离。
因此，应用 LDIWPSO 算法直接优化过程操作参数。限定区带 I 的流量为 2.0 
mL/min，两个产品的纯度都高于 99.5%。同步切换的 SMB 过程的区带构型为
[1,1,2]，最大化的进料流量为 0.481 mL/min；异步切换的 SMB 过程的平均区带
构型为[1.10,1.27,1.63]，最大化的进料流量为 0.551 mL/min，比同步切换过程提
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高了 14.6%。经实验验证，两种操作条件下，产品纯度都高于 99%。 
 
关键词：模拟移动床；香兰素；优化 
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Abstract 
Simulated Moving Bed is a novel preparative chromatography separation 
technology, has been widely applied in petrochemical, pharmacy and food industries 
in past several decades. Recently, the theory research of SMB process focuses on the 
numerical methods of solving the model equations, improvement of operation modes 
and optimal design of operating parameters, etc.. In this study, following researches 
were developed to separate vanillin and o-vanillin by using three-zone asynchronous 
simulated moving bed technology.  
Firstly, a numerical algorithm based on the 4th-order compact difference scheme 
is developed and used to solve the model equations of SMB process in this study. 
Accuracy tests demonstrate that the algorithm does deliver the 4th-order accuracy. 
Then, the effects of model parameters on chromatogram are examined. Finally, the 
developed algorithm was used to simulate the SMB process for separation of glucose 
and fructose, accurate solutions and high computational efficiency are achieved. 
 Secondly, Particle Swarm Optimization (PSO) algorithm is applied for optimal 
design of SMB and Varicol processes. The research shows that, compared with 
Standard PSO and Genetic algorithm(GA), Linear Decreasing Inertial Weight PSO 
(LDIWPSO) can give better optimization results. Distributing too many columns into 
the separation zone makes against the improvement of separation performances. The 
configuration has a great influence on the performance of SMB process. The 
consumption of desorbent and the number of columns in separation zone gradually 
increase with the increase of separation load. 
 Finally, the separation of o-vanillin and its isomeride, vanillin, by 3-zone 
simulated moving bed is studied. In the first part of this research, the bed-porosity of 
preparative reversed-phase chromatography column is determined by the method 
named TPB (Total pore blocking). The competitive Langmuir adsorption isotherms 
are determined by fitting the adsorption data of one-component frontal analysis with 
the least square method. The diffusion coefficient and mass transfer coefficient are 
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estimated by empirical equations obtained from literature. Based on these parameters, 
the mathematical models of synchronous and asynchronous SMB processes are built 
respectively. Five sets of operating parameters located in the complete separation 
region of Triangle Theory are selected. The results of simulation and experiment 
showed that the design based on Triangle Theory is not reliable while the diffusion 
and mass transfer resistence are not ignorable. Therefore, LDIWPSO is applied for 
optimal design of operating parameters to maximize the feed flowrate, with the 
flowrate of zone I fixed at 2.0 mL/min and the constraints of the two product purities 
higher than 99.5%. The maximum feed flowrate is obtained to be 0.481 mL/min in the 
synchronous mode with a column configuration of [1/1/2]. The maximum feed 
flowrate is 0.551 mL/min in the asynchronous mode with an average column 
configuration of [1.10/1.27/1.63], which is 14.6% higher than that in the synchronous 
mode. The experimental purities of both products are higher than 99% on the two sets 
of operation conditions optimized. 
 
Key words: Simulated moving bed; Vanillin; Optimization;
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第一章 文献综述 
1.1 模拟移动床（Simulated Moving Bed，SMB）基本概念 
1.1.1 真实移动床色谱（True Moving Bed，TMB） 
色谱技术最早由俄国植物学家 M.S.Tswett 提出，用于分离植物色素研究，现
已广泛应用于生命科学、医药科学、材料科学和食品科学等领域的分析鉴定与分
离纯化过程，是迄今为止最有效的分离复杂混合物的方法之一。随着生命科学、
制药工程的发展，在相关领域都有着大量的分离纯化任务。 
制备色谱作为一种高分辨率的分离技术，已引起研究者的高度关注。根据物
质的分离机制，色谱技术可以分为吸附色谱、分配色谱、离子交换色谱、凝胶色
谱、亲和色谱等[1]。常规的色谱操作为分批洗脱模式，色谱柱内填充合适的固定
相，在色谱柱前端脉冲注入待分离的混合物，由于待分离的物质与固定相之间的
相互作用力的差异，随着流动相的洗脱，待分离物质在两相间经过多次的分配平
衡，各种物质被固定相保留的时间不同，从而按一定次序从固定相中洗脱出来。
下一次进样必须避免与上一次进样发生交叉混合，重复这样的进样过程就可以实
现样品的制备分离。正是由于这样的非连续操作，限制了分批制备色谱的生产能
力。我们可以用图 1-1(a)中的敏捷的兔子和迟缓的乌龟在跑道上赛跑示意图来类
比这样的分批洗脱色谱操作。兔子和乌龟同时从起点出发，由于兔子的速度比乌
龟快，兔子会逐渐的与乌龟分开，率先到达终点。 
我们考虑图 1-1(b)中的情形。兔子和乌龟在一条履带上赛跑，履带速度方向
与兔子和乌龟相反，速度大小介于二者运动速度之间。因此兔子的净速度仍然向
右，而乌龟的净速度向左。如果连续的把更多的乌龟和兔子放到履带的中部，他
们将被履带传送到不同的终点，实现二者的连续分离。事实上，我们也应当注意
到，在两种情况下兔子和乌龟不能实现分离：一种情况是，当履带逆向速度比乌
龟的速度还要小时，兔子和乌龟都会被传送至右端；另一种情况是，当履带逆向
速度比兔子的速度还大时，兔子和乌龟都会被传送至左端。因此，选择合适的履
带逆向运动速度非常重要，需要同时考虑兔子和乌龟的运动速度。 
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